Effects of the interplanetary magnetic field (IMF), particularly its polarity, on the lower thermosphere are briefly reviewed. A fairly well-known indirect correlation is that both long-lasting southward IMF and the boundary between eastward and westward fields often cause magnetospheric disturbances which produce storm related thermospheric variations.
Introduction
Concerning the effects of the interplanetary magnetic field (IMF) and its polarity (IMFP) on the geomagnetic field, particularly in high latitudes, numerous papers and review articles have recently been published (e.g. BURCH, 1974; NISHIDA, 1975; FELDSTEIN, 1976; FAIRFIELD, 1977) . The IMF is represented by its magnitude B and direction angles 8 and cii, and more commonly by three rectangular components (B, xBy, and Bz) in a sun-earth coordinate system. Here, (x, y, and z) indicate (sunward, eastward, and northward), respectively, although the exact directions of y and z components depend on the adopted sun-earth coordinate system, such as geocentric solar magnetospheric (GSM), ecliptic (GSE), and equatorial (GSEQ) coordinates (RUSSELL and MCPHERRON, 1973) . The GSE system has most frequently been used, but GSM is best for the discussion of IMF effects in all seasons. To indicate the IMF sector structure or the IMFP, the nomenclature TOWARD the sun (B, x usually associated with a -By component; negative polarity) or AWAY from the sun (B, xusually associated with a By component; positive polarity) has often been used. Although the azimuthal westward (B) yor eastward (By) component is probably more appropriate for physical interpretations of high-latitude responses, the terms 'toward' and 'away' are also used in the present report for simplicity and for convenience of discussion of thermospheric responses.
As a common and customary practice in the past, the effects caused by Bz and those by the sector structure have been discussed separately. Although it would probably be more relevant to discuss the IMF effects in the y-z plane (e.g. FRIIS-CHRISTENSEN and WILHJELM, 1975) or those in all three components, the customary separation is adopted in the present review for convenience when introducing others' studies. Discussions of Bz effects are presented in section 2, and those of sector influence are given in section 3. A new result of IMFP effects on lower thermospheric currents in high latitudes and computer simulation studies of a possible mechanism of the effects are also discussed in section 3. Concluding remarks and necessary future investigations are presented in section 4. IMF effects on various other phenomena, such as cosmic rays and Forbush decreases (WINKLER and BEDIJN, 1976; ELY, 1977; LOCKWOOD and WEBBER, 1977) , solar wind speeds (GOSLING et al., 1976) , geomagnetic pulsations (RUSSELL and FLEMING, 1976; WEBB and ORR, 1976; ARTHUR and MCPHERRON, 1977) , low-altitude electric fields (REITER, 1977) , and weather and climate (WILCOX, 1977; LARSEN and KELLEY, 1977) , are interesting subjects to discuss, but they are beyond the scope of the present review.
Bz Effects
A southward IMF (-Bz) which lasts longer than three hours usually causes substorm occurrence, probably due to the so-called field-reconnection process, although substorms can occur during periods of the northward IMF (see KAMIDE and MATSUSHITA, 1978 and references therein for a unified view of substorm occurrence). Good correlations among -Be, geomagnetic variation fields at various stations, Es-q disappearance at Huancayo (geomagnetic -0.6, 354.3E; dip lat. 1.0), the Eregion east-west electron drifts over Jicamarca (geomagnetic -0.6, 352.8E; dip lat. 0.5) during disturbed periods were presented by BALSLEY (1972, 1973) . Since then, several Indian colleagues conducted similar studies, as reviewed by MATSUSHITA (1977) . Most of the days examined by them were geomagnetically disturbed. Caution is necessary, accordingly, in judging whether these equatorial ionospheric variations are directly produced by the IMF changes (particularly -Be) or whether these variations are simply due to common storm effects. Although further data examinations are needed, the equatorial and low latitude ionospheric variations reported by them seem to be common ionospheric disturbances caused by geomagnetic storms or magnetospheric substorms probably triggered by -Bz, instead of direct production caused by the IMF changes.
Special electric current systems in the lower thermospheric region associated with +B z have been suggested by a few scientists, such as DP2 current caused by -B z (NISHIDA, 1968) and DP3 by +Bz (IWASAKI, 1971) . However, MAEZAWA (1976) presented different patterns of current systems caused by +B, and KUZNETSOV and TROSHICHEV (1977) used the name DP4 for the current due to the sector structure suggested by SVALGAARD (1973) . Since those various current systems are complicated and depend on a proper zero level assumption, they require careful reexamination before such numbered nomenclature is adopted. A current system which is clearly associated with the IMFP is discussed in section 3.
As for the relation between the IMF and thermospheric currents and motions, the thermospheric response to a substorm caused by -Bz is an important subject to discuss (e.g. RISHBETH, 1975; TESTUD et al., 1975; COMFORT et al., 1976; ROBLE and REFS, 1977) . For example, a dynamo action by the middle and low latitude neutral wind caused by Joule heating in the polar cap and the auroral region is plausible (MATSUSHITA, 1975a) . Equatorward thermospheric motions in response to auroral region storm activity, as discussed by RICHMOND and MATSUSHITA (1975, see Figs. 3 and 4 therein), may produce electric currents and fields in middle and low latitudes.
3. Bx,5 (Sector) Effects WILCOX and NESS (1965) first reported that geomagnetic activity increases when the earth crosses IMF sector boundaries. Since then, numerous scientists, most recently CAMPBELL (1976) and RANGARAJAN (1977) , confirmed this effect. Also, an increase of the radio wave absorption in the D region during sector boundary passages was reported by SCHLEGEL et al. (1977) . Sector effects on the annual and diurnal variations of geomagnetic activity have recently been discussed by BERTHELIER (1976) and SVALGAARD (1976) . For example, the activity peaks around April (or October) for toward (or away) polarity. MATSUSHITA (1977) reviewed sector effects on geomagnetic variations in low and middle latitudes, and suggested magnetospheric configuration changes due to the sectors, without any appreciable thermospheric variations. MATSUSHITA (1975b MATSUSHITA ( , 1977 ) also discussed IMFP effects on the Sq current system and reviewed others' work on this subject, while RAO and ARORA (1977) reported IMFP effects on L, which require careful reexamination.
Sector effects on the polar cap geomagnetic fields, sometimes indicated as the "Mansurov -Svalgaard Effects", have fairly well been established (e.g. FAIRFIELD, 1977) . Namely, in the northern hemisphere, the toward (or away) IMF sector structure correlates with positive (or negative) deviations of the geomagnetic downward component Z at stations near 85 invariant latitude (such as Thule) and with negative (or positive) deviations of the horizontal component H at stations near 80 invariant latitude (such as Godhavn). In the southern hemisphere, the same story holds for Z but the sign reverses for H. The early analyses were done by visual judgement of the geomagnetic variations (e.g. SVALGAARD, 1972), but CAMPBELL and and CAMPBELL (1976) examined the relation objectively by an automated computer technique and concluded that a fairly good correlation can be obtained mainly in local summer.
To explain this correlation, schematic circular electric currents around the polar cap were postulated by BERTHELIER (1972) and SVALGAARD (1973) , taking into consideration a theoretical suggestion given by JORGENSEN et al. (1972) , while a shift of magnetospheric convection was suggested by HEPPNER (1972 HEPPNER ( , 1973 and differential rotations of the magnetospheric plasma were presented by VOLLAND (1975a, b) on the basis of Heppner's observations. To facilitate discussion of the physical mechanism involved in the interaction, more detailed studies of IMFP effects were required. FRIIS-CHRISTENSEN and WILHJELM (1975) examined polar cap currents for different directions of IMF in the y-z plane, while obtained equivalent overhead current systems in high latitudes corresponding to toward and away sectors (see Fig. 1 ) by the technique of spherical harmonic analysis of 2.5 min digitized geomagnetic data from 40 stations. The Sqp current systems at the right of Fig. 1 correspond to Heppner's schematic current patterns, but the Sqp distortion is asym- TOWARD AWAY metric between the northern and southern hemispheres. Accordingly, a simple shift of magnetospheric convection in the magnetospheric equatorial plane is not suitable to explain the Sqp distortion caused by the IMFP. To lead to a reasonable explanation of IMFP effects, the average Sq current system (bottom left in Fig. 1 ) was subtracted from the Sq current system corresponding to toward or away (top or middle left diagram in Fig. 1) ; the differences are shown in the left of Fig. 2 . The right two diagrams are differences of the current systems for disturbed days during May and June of 1965, and have been obtained by the same procedure as for the quiet days. Although the circular current intensities shown in Fig. 2 are different for the two sectors, they may be approximately equal in a general case. These circular currents may replace the schematic ones postulated by BERTHELIER (1972) and SVALGAARD (1973) . In other words, the shift of the equivalent external Sqp current system with IMF sector changes (see Fig. 1 ) may be mainly caused by a circular electric current belt with about 3 x 104 amp total current Fig. 4 . Computer simulation of toward sector effect on the northern polar region for a summer quiet day, produced by field-aligned electric currents. Clockwise from top left: equipotential contours of the electric field with a contour interval of 1 kV; vector distribution of the electric field; real ionospheric current vectors; ionospheric current vectors equivalent to the magnetic field due to field-aligned currents; equivalent ionospheric current vectors (namely, difference between top right and bottom right diagrams); and equivalent overhead current system with a contour interval of 9 x 103 amp (compare with top right diagram in Fig. 1) . The left two diagrams show the northern hemisphere latitude circles with every 30, while the four other vector diagrams are for the region from 50N to the north pole. Note that the direction of the noon-midnight meridian is opposite to that in Fig. 1.   1Kv 10mY/m 130A/Km 100A/Km 50A K.
for quiet days and about 105 amp for disturbed days in summer at 75-85 latitude. The current direction is clockwise (or counterclockwise) corresponding to the toward (or away) IMF, when it is viewed from above the pole at each polar cap. Here, toward (or away) is associated with the azimuthal westward (or eastward) IMF component, as explained in section 1. It must be noted that the current direction of the same IMF azimuthal component is reversed at the northern and the southern polar caps, when the circular currents in the two polar caps are viewed from the equatorial plane.
The formation of these circular electric currents in the lower thermosphere can be explained by electric fields associated with the oppositely-moving plasma connective motions in the northern and the southern polar magnetospheric regions due to magnetic stresses of the IMF azimuthal component on the magnetic field lines of the polar magnetosphere to which they are connected (ATKINSON, 1975) , as shown in Fig. 3 . This mechanism can be demonstrated by a computer simulation technique of field-aligned electric currents, which has recently been developed by KAMIDE and MATSUSHITA (1979) . The essential points of the method are to obtain the electric fields and currents in the global ionosphere produced by the field-aligned currents, which change largely due to the conductivity distributions in high latitudes, assuming; 1) several divided regions of the global earth, such as the polar cap, auroral zones, and middle-low latitudes, where the boundaries of these regions vary depending upon magnetic conditions (for example, the night-side auroral zone has been divided into four; 70-65 and 65-60 latitudes before and after midnight for a typical substorm), 2) exponentially distributed anisotropic electric conductivities for each zone with a continuous change at the boundaries of the regions, and 3) exponentially distributed upward and downward field-aligned electric current intensities in the auroral regions (and also the polar cap for IMFP effects), based on our current knowledge of the auroral phenomena and geomagnetic variations as well as satellite measurements of field-aligned currents. Actual computer-plotted diagrams which can be obtained by this method are (1) equi-potential contours of the electric fields, (2) vector distributions of the electric fields and currents, and (3) electric current patterns equivalent to the magnetic field effect produced by the field-aligned and real ionospheric currents. An example is shown in Fig. 4 . One of the merits of this simulation method is that the three dimensional current system can be estimated from the equivalent current system obtained from ground-based classic geomagnetic data.
As shown in Fig. 5 , downward (or upward) electric currents with about 6 X 105 amp in total over the polar region are satisfactory for explaining the toward (or away) sector effect during a quiet summer. An approximately tripled intensity of the total current is required to simulate the effect during a substorm. Detailed discussions are given by MATSUSHITA and KAMIDE (1980) , and an essential point here is that the required amount and configuration of field-aligned currents which are associated with the polar magnetospheric plasma convection are very plausible. In other words, these simulations provide a physical explanation for the circular elec-tric currents in the lower thermosphere over the polar region produced by the IMF azimuthal component.
Concluding Remarks
The relations between the IMF and lower thermospheric dynamics and electric currents are briefly reviewed in the present report. There seem to be two types of correlations between the two phenomena: 1) Indirect correlation: Magnetospheric disturbances caused by the southward IMF (which lasts longer than three hours) or by sector boundary passages may produce storm-related thermospheric motions and currents; and 2) Direct correlation: The IMF azimuthal component produces circular electric currents in the lower thermosphere over the polar region. (However, special current systems, such as DP2, DP3, etc., which have been suggested as being produced by the IMF north-south component, +B, need to be reexamined in order to establish consistent current patterns.)
IMFP effects on quiet geomagnetic fields in middle and low latitudes are caused by changed magnetospheric configurations, and hence there is probably no noticeable change of the lower thermosphere during quiet periods. However, it is likely that some effects occur in middle latitudes originating from high latitudes due to the IMFP, which need to be examined in the future. Another remaining problem is to find IMFP effects on middle and low latitude fields during disturbed periods. In any case, it is interesting to know that a small amount (several gammas) of IMF can trigger a large effect in the lower thermosphere.
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